Genes required for fungal secondary metabolite production are usually clustered, co-regulated and expressed in stationary growth phase. Chromatin modification has an important role in co-regulation of secondary metabolite genes. The virulence factor dothistromin, a relative of aflatoxin, provided a unique opportunity to study chromatin level regulation in a highly fragmented gene cluster that is switched on during early exponential growth phase. We analysed three histone modification marks by ChIP-qPCR and gene deletion in the pine pathogen Dothistroma septosporum to determine their effects on dothistromin gene expression across a time course and at different loci of the dispersed gene cluster. Changes in gene expression and dothistromin production were associated with changes in histone marks, with higher acetylation (H3K9ac) and lower methylation (H3K9me3, H3K27me3) during early exponential phase at the onset of dothistromin production. But while H3K27me3 directly influenced dothistromin genes dispersed across chromosome 12, effects of H3K9 acetylation and methylation were orchestrated mainly through a centrally located pathway regulator gene DsAflR. These results revealed that secondary metabolite production can be controlled at the chromatin-level despite the genes being dispersed. They also suggest that patterns of chromatin modification are important in adaptation of a virulence factor for a specific role in planta.
Introduction
Fungi produce a broad spectrum of secondary metabolites. Some have beneficial pharmaceutical properties, some are toxic to humans and some are virulence factors in plant disease (Keller et al., 2005; Scharf et al., 2014; Macheleidt et al., 2016) . The production of secondary metabolites is tightly regulated; they are only produced under certain conditions such as when nutrients become limiting (Gacek and Strauss, 2012) . There has been considerable interest in understanding the molecular mechanisms involved in regulating secondary metabolite production, either with a view to increasing production of new and useful metabolites, or to prevent or minimize production of harmful metabolites.
The regulation of secondary metabolite pathways in fungi is complex. Among the best studied are those of aflatoxin and its close relative sterigmatocystin which are produced by some species in the genus Aspergillus. Like most other secondary metabolites, the genes required for aflatoxin/sterigmatocystin biosynthesis are arranged in a cluster and regulated by a pathway-specific regulator, in this case AflR, a Zn(II)2Cys6 binuclear cluster DNA binding protein encoded by a gene within the cluster (Fernandes et al., 1998; Cary et al., 2000) . Artificial transfer of genes between the cluster and ectopic locations showed that clustering was important for correct regulation of aflatoxin genes (Chiou et al., 2002) . Global regulators such as the methyltransferase-domain containing protein LaeA (Bok and Keller, 2004 ) and a light-regulated developmental factor VeA (Kim et al., 2002) also control the production of aflatoxin/sterigmatocystin and many other fungal secondary metabolites (Yin and Keller, 2011) .
The clustered arrangement of secondary metabolite genes facilitates another level of control in the form of a chromatin-based co-regulation mechanism. Central among the components involved in chromatin level control are enzymes involved in post-translational modifications of histones, such as methylation or acetylation, which affect the availability of chromatin for gene transcription (Strauss and Reyes-Dominguez, 2011 ). In the case of acetylation, deletion of histone deacetylase (HdaA-HDAC) activated the sterigmatocystin cluster in A. nidulans and also resulted in a partial bypass of the LaeA requirement for sterigmatocystin production (Shwab et al., 2007) . Chemical inhibitors of histone deacetylase have also been used to enhance secondary metabolite production or to activate silent gene clusters in fungi (Williams et al., 2008; Henrikson et al., 2009) . The enzyme that acetylates histone 3 lysine 9 (H3K9ac) was shown to be part of a multi-protein SAGA-ADA complex and required for induction of the orsellinic acid gene cluster in A. nidulans (Nutzmann et al., 2011) .
Histone methylation also plays an important role in the regulation of fungal secondary metabolism (Strauss and Reyes-Dominguez, 2011) . Tri-methylation on lysine 9 of histone H3 (H3K9me3), by the lysine methyltransferase KMT1, is mainly associated with telomeres and repeat rich regions (Smith et al., 2011; Schotanus et al., 2015) and creates a binding site for heterochromatin protein 1 (HP1) that facilitates heterochromatin formation (Lachner et al., 2001) . In A. nidulans, deletion of the Kmt1 (Clr4/ClrD) gene resulted in enhanced sterigmatocystin production, suggesting a role for the H3K9me3 mark in suppression (Reyes-Dominguez et al., 2010) although a subsequent genome-wide ChIP-seq study showed this mark to be confined to regions flanking the sterigmatocystin cluster and other secondary metabolite gene clusters that are repressed during periods of rapid growth (GacekMatthews et al., 2016) . In Aspergillus spp., studies with mutants of the global regulator LaeA suggested that it counteracts heterochromatin marks to alleviate repression of certain secondary metabolite clusters (ReyesDominguez et al., 2010; Brakhage, 2013) although the mechanism is still obscure.
Although not present in species of Aspergillus (Gacek-Matthews et al., 2015) , another histone methylation mark, H3K27me3 (trimethylation of lysine 27 on histone 3) regulates secondary metabolite production in some fungi. In Fusarium graminearum and Epichloë festucae the histone H3K27 methyltransferase KMT6 affects expression of secondary metabolite gene clusters localized in subtelomeric regions (Connolly et al., 2013; Chujo and Scott, 2014) . In N. crassa H3K27me3 marks are found preferentially near the ends of the chromosomes (Jamieson et al., 2013) but their locations are variable in other species. For example in Zymoseptoria tritici, they are located predominantly in subtelomeric and repeat-rich regions on core chromosomes but are more widely distributed on accessory chromosomes (Schotanus et al., 2015) .
Chromatin-level regulation of secondary metabolite genes that are clustered at one locus provides an elegant solution to help explain co-regulation of the component genes. However, there are examples in which secondary metabolite genes are not clustered (Lo et al., 2012; Chettri et al., 2013) ; whether and how these genes are controlled at the chromatin level is not currently known. The fungal polyketide dothistromin provides an unusual case of a secondary metabolite whose genes are not clustered. Dothistromin is a virulence factor in Dothistroma needle blight of pines (Kabir et al., 2015a) and is also secreted by the Dothideomycete pathogen Dothistroma septosporum in culture (Bradshaw, 2004) . Dothistromin is structurally similar to versicolorin B, a precursor of aflatoxin and sterigmatocystin and a common biosynthesis pathway has been proposed (Gallagher and Hodges, 1972; Chettri et al., 2013 ) that involves orthologous genes (Bradshaw et al., 2013) . However, unlike aflatoxin/sterigmatocystin genes, dothistromin genes are dispersed in six loci across a 1.3 Mb chromosome that appears to be a fragmented version of an ancestral cluster (Bradshaw et al., 2013) . Furthermore, dothistromin is unusual in that it is produced mainly during early exponential phase in culture (Schwelm et al., 2008) , unlike other fungal secondary metabolites like aflatoxin and fumonisins, which are produced during late exponential and stationary phases (Brakhage, 2013) . The early exponential phase production of dothistromin in culture mirrors its production in planta, which occurs predominantly during a period of rapid pathogen growth as disease lesions are formed (Kabir et al., 2015b) ; this early timing is thought to represent an adaptation for the biological role of dothistromin. There are reports of other pathogenic fungi producing toxins at a very early stage of host infection, such as HC-toxin production by the maize pathogen Cochliobolus carbonum (Weiergang et al., 1996) , and in very early exponential phase in culture, such as NG-391 production by the insect pathogen Metarhizium robertsii (Donzelli et al., 2010) .
Previously, we demonstrated the important roles of orthologs of aflatoxin/sterigmatocystin pathway and global regulators AflR, AflJ, VeA and LaeA in dothistromin biosynthesis, suggesting common regulatory features with clustered genes in other fungal species (Chettri et al., 2012 Chettri and Bradshaw, 2016) . However, deletion of DsLaeA led to increased dothistromin production in D. septosporum, in direct contrast to the decreased aflatoxin/sterigmatocystin production seen in LaeA mutants of Aspergillus spp. (Bok and Keller, 2004) . Due to the unique fragmented arrangement of the dothistromin gene cluster and the early onset of dothistromin biosynthesis, we set out to characterize the effects of chromatin modification on dothistromin production in D. septosporum. We aimed to determine whether dothistromin genes at different locations across a chromosome are controlled at the chromatin level or whether such control was confined to the centrally located pathway regulator gene DsAflR. We also Chromatin regulation of a fragmented cluster 509 questioned whether the pattern of chromatin regulation seen was similar for another D. septosporum secondary metabolite pathway that shows (normal) late exponential phase expression, and whether LaeA has a role in chromatin-level regulation in this species.
Results
Dothistromin genes show coordinated expression at an early growth stage Dothistromin is unusual among secondary metabolites in being produced mainly during early exponential growth phase (Schwelm et al., 2008) . To confirm this finding, and to get further insight into the molecular mechanisms underlying this, we analysed biomass accumulation, toxin production and dothistromin gene expression in D. septosporum over a time course up to 18 days. In liquid culture, dothistromin production was evident by 3 days and the maximum rate of dothistromin production (per mg dry weight [DW] of fungal biomass) occurred while still in early exponential growth phase, at day 7 (Fig. 1A) . Although dothistromin continued to accumulate from that point, the rate of production declined. To determine whether levels of dothistromin gene expression coincided with rates of dothistromin production, we performed quantitative reverse-transcription PCR (qRT-PCR) using RNA extracted from mycelium grown in the same time course. As expected, expression of the regulatory gene DsAflR increased during the early growth period (3-7 days) then declined (Fig. 1B) , concordant with rates of dothistromin production. Expression of dothistromin pathway genes DsVer1, DsPksA and DsVbsA, which are located at different loci of the fragmented dothistromin gene cluster across chromosome 12 , showed the same pattern of expression (Fig. 1B) .
To determine if other secondary metabolite genes of D. septosporum show early growth stage expression, we also analysed transcript levels of eight other secondary metabolite core genes, including polyketide synthase (PKS) and non-ribosomal peptide synthase (NRPS) genes, that are present in the D. septosporum genome (de Wit et al., 2012) . Samples were taken at day 4 (early 'ON') and day 9 (late 'OFF'), representative of points at which the rate of dothistromin production was increasing and decreasing respectively. While the dothistromin DsPksA polyketide synthase gene showed significantly higher expression at day 4 than day 9, four of the other secondary metabolite genes (DsPks1, DsPks2, DsNps3 and DsHps1) showed the opposite pattern with higher expression at day 9, as expected for late exponential/stationary phase secondary metabolite production (Supporting Information Fig. S1 ). The other four showed no differential expression or were expressed at very low levels (Supporting Information  Fig. S1 ). Taken together, these results indicate that dothistromin genes are specifically activated during early growth phase and that they are the exception to the normal situation even in D. septosporum.
Histone acetylation and methylation mutants were generated in D. septosporum To determine whether dothistromin gene expression is regulated by chromatin modification, a set of histone acetylation and methylation genes was analysed. Specifically, we determined whether genes encoding enzymes responsible for H3K9ac, H3K9me3 and H3K27me3 histone marks were present in D. septosporum and, if so, whether they affected dothistromin biosynthesis. A gene with 60% amino acid identity to the S. cerevisiae Gcn5 N-acetyltransferase (GNAT) protein that acetylates H3K9 was found in the D. septosporum genome (JGI protein ID 52021) and called DsKat2 in accordance with the nomenclature for chromatin-modifying enzymes (Allis et al., 2007) . DsKat2 is the closest relative to Gcn5 among 33 putative GNAT-superfamily proteins in D. septosporum, with conserved domains (Supporting Information Fig. S2A ). Homologs of other functional components of the S. cerevisiae SAGA complex that are required for H3K9 acetylation were also present in the D. septosporum genome (Supporting Information Table  S1 ), suggesting the presence of a functional histone acetylation complex in D. septosporum.
A D. septosporum gene, DsKmt1, predicted to encode a H3K9me3 methyltransferase enzyme (JGI PID 165390), was found which showed 33% amino acid identity to A. nidulans ClrD and contains highly conserved domains (Supporting Information Fig. S2B ). For H3K27me3, a query with the SET-7 gene of Neurospora crassa (Jamieson et al., 2013) identified a single D. septosporum protein (JGI PID 105349), called DsKmt6 (Supporting Information Fig. S2C ). DsKmt6 shares 29% identity with N. crassa SET-7 and, along with DsKmt1, contains a highly conserved methyltransferase SET domain which is characteristic of this class of enzymes (Supporting Information Fig. S2B ,C) and PRC2 components of the Polycomb complex are present (Supporting Information Table S2 ). Phylogenetic analyses of DsKat2, DsKmt1 and DsKmt6 further supported their identity as orthologs of functionally characterized chromatin modifying proteins (Supporting Information Fig. S3 ).
Manipulation of histone modifying proteins has been shown to affect development and secondary metabolism in some fungi, therefore we deleted DsKat2 (H3K9ac), DsKmt1 (H3K9me3) and DsKmt6 (H3K27me3) genes from the D. septosporum genome and determined the mutant phenotypes. Protoplast-mediated transformation of D. septosporum with the gene knockout constructs pR417, pR416 and pR418 yielded independent transformants that were confirmed to have targeted replacement of DsKat2, DsKmt1 or DsKmt6 respectively (Supporting Information Fig. S4 ). Two independently isolated gene knockout strains (KO1 and KO2) for each gene were used for further analysis. Immunoblot analysis of histone proteins extracted from D. septosporum wild type and mutants showed that levels of the histone marks H3K9ac, H3K9me3 and H3K27me3 were dramatically reduced in the respective DsKat2, DsKmt1 and DsKmt6 deletion strains, compared to the wild-type (Supporting Information Fig. S5 ), confirming that the respective genes are required for histone H3K9 acetyltransferase and H3K9 and H3K27 methyltransferase activity. DDsKat2 mutants were significantly impaired in both growth (50% reduction) and sporulation (70% reduction), while DDsKmt1 mutants were impaired only in sporulation (55% reduction) and DDsKmt6 mutants were unaffected compared to wild-type strains (Supporting Information Fig. S6 ).
Histone modification mutants are affected in dothistromin production
Because acetylation and methylation of histone proteins is known to regulate secondary metabolite biosynthesis in many fungi, the production of dothistromin by DDsKat2, DDsKmt1 and DDsKmt6 mutants was assessed. Dothistromin production was reduced to 70% of wild-type levels in the DDsKat2 strain but increased significantly by at least 2.6-and 12-fold in DDsKmt1 and DDsKmt6 strains respectively compared to the wild type ( Table 1) . Growth of wild-type D. septosporum in the presence of the Gcn5 (Kat2) histone acetyltransferase inhibitor butyrolactone 3 also significantly reduced dothistromin production from 68.3 6 9.1 (mean 6 SD) ng mg 21 DW to 42.6 6 7.7 ng mg 21 DW (i.e., down to 62%; p 5 0.02, n 5 3), corroborating the effect of DsKat2 deletion.
To determine where in the fragmented dothistromin gene cluster these chromatin regulators might act, realtime PCR was used to quantify the steady-state expression of a set of six dothistromin genes in mutant strains compared to wild-type at the peak of dothistromin production (day 7). These genes included the divergently transcribed pathway regulator genes DsAflR and DsAflJ that are centrally located in chromosome 12 (Chettri et al., , 2015 , as well as four functionally characterized dothistromin biosynthetic genes DsVer1, DsPksA, DsVbsA and DsVerB (Bradshaw et al., 2002 (Bradshaw et al., , 2006 Chettri et al., 2013) from different dothistromin gene loci across chromosome 12. In the DDsKat2 histone acetylation mutants, all the dothistromin genes except DsVbsA were significantly downregulated compared to the wild type (Table 2) , as would be expected for an activating chromatin mark. In contrast, dothistromin gene expression was upregulated in histone methylation mutants (Table 2) , as would be expected for repressing marks. However, while all six dothistromin genes were significantly upregulated in the DDsKmt6 H3K27me3 mutant, only four (DsVer1, DsAflR, DsVbsA and DsVerB) were significantly upregulated in the DDsKmt1 H3K9me3 strain ( Table 2) . Expression of DsPks1 (putative DHN melanin polyketide synthase), another core secondary metabolite gene located on chromosome 10, was strongly downregulated in the DDsKat2 mutant and upregulated in the DDsKmt6 mutant. Together these results suggest that H3K9ac, H3K9me3 and H3K27me3 chromatin marks are important components of the regulatory mechanism for dothistromin and other secondary metabolites in D. septosporum.
The early onset of dothistromin biosynthesis is regulated by histone modifications at both H3K9 and H3K27 Based on differences in dothistromin gene expression in histone acetylation and methylation mutants we investigated enrichment of chromatin marks in the promoter regions of dothistromin genes. First, we investigated acetylation and methylation at H3K9 in DsAflR and DsPksA gene promoters in wild-type, DDsKat2 and DDsKmt1 strains. ChIP-qPCR was carried out using chromatin immunoprecipitated DNA from cultured mycelia of each strain harvested at two time points based on the growth curve of the wild type strain (Fig. 1A ): day 4 (dothistromin genes switched 'on', early exponential) and day 9 (dothistromin genes switched 'off', mid exponential). As expected, enrichment levels of H3K9ac in DDsKat2 mutants, and of H3K9me3 in DDsKmt1 mutants, were markedly lower than in wild-type strains ( Fig. 2A) , consistent with loss of the expected gene functions in these mutants. Interestingly, increased enrichment of H3K9me3 was seen in the DDsKat2 background and similarly increased enrichment of H3K9ac in the DDsKmt1 background, suggesting possible reciprocal occupancy of the H3K9 sites ( Fig. 2A) . Next, we analysed H3K27me3 enrichment in the promoters of the same genes and found it to be dramatically reduced in DDsKmt6 mutants, confirming loss of DsKmt6 gene function (Fig. 2B) . Additionally, we observed that H3K27me3 enrichment was reduced in the DDsKmt1 background in the DsAflR/DsAflJ promoter region at Day 9, but not in DsPksA ( Fig. 2B ; Supporting Information Fig. S7B ). Together, these results helped to validate the mutants and the specificity of the ChIP antibodies used. They also suggested some crosstalk or compensation might occur between the methylation/ acetylation marks at H3K9, as well as between the two types of methylation marks.
Higher enrichment levels of acetylation (H3K9ac) and lower levels of methylation (H3K9me3 and H3K27me3) were seen at day 4 than day 9 in the DsAflR promoter (Fig. 2) , consistent with higher gene expression and dothistromin production at day 4. However not all of these patterns were seen in the DsPksA promoter (Fig.  2) . This led us to question whether these chromatin marks affect dothistromin genes across the whole extent of the fragmented cluster, or whether their influence is predominantly through the DsAflR pathway regulator. So we investigated differences in enrichment of the three chromatin marks at the six dothistromin genes representative of the breadth of the fragmented cluster on chromosome 12, as well as the DsPks1 melanin core gene on chromosome 10 (Fig. 3B) .
Promoter regions of the pathway regulators DsAflR and DsAflJ, and of DsVerB (only 9 kb from the telomere) showed higher enrichment for H3K9ac acetylation at day 4 associated with activation and higher enrichment for H3K9me3 methylation at day 9 associated with repression (Fig. 3A) . However, no difference in either H3K9ac or H3K9me3 marks was seen in the other genes (DsVer1, DsPksA, DsVbsA) between days 4 and 9. Next, we investigated H3K27me3 enrichment and found it to be lower at day 4 than day 9 across all the tested dothistromin gene promoters (Fig. 3A ). An opposite pattern was seen with the DsPks1 gene, which is expressed more highly at day 9 than day 4. The experiments shown in Fig. 3A were repeated, with the same outcome (Supporting Information Fig. S8 ). We also analysed H3K9ac, H3K9me3 and H3K27me3 in the RNA pol2 gene promoter as a control, and found no difference in enrichment of histone marks between day 4 and day 9 (Supporting Information Fig. S9 ). Taken together, these results suggest that DsKat2, DsKmt1 and DsKmt6 are involved in regulation of the fragmented dothistromin gene cluster, but while Kmt6 (H3K27me3) affected all the dispersed genes, the H3K9 marks from DsKat2 and Previously, we demonstrated that deletion of DsLaeA in D. septosporum enhanced dothistromin production and expression of dothistromin cluster genes (Chettri and Bradshaw, 2016) . This was in direct contrast to reduced sterigmatocystin production seen in LaeA mutants of A. nidulans (Bok and Keller, 2004) . The expression patterns of selected dothistromin genes were evaluated in a DDsLaeA mutant over a time course of growth in culture. The genes were switched on during the early stage of growth in culture as in the wild type but showed significantly increased and extended expression, concordant with the increased rate of dothistromin production in the DDsLaeA mutant ( Fig. 4A and B) .
To determine if the effect of DsLaeA on dothistromin gene expression was associated with H3K9me3, we investigated H3K9 modification in DsAflR and DsPksA promoter regions. Compared to the wild-type, the DDsLaeA mutant showed lower enrichment of H3K9me3 at day 4 in both genes and increased enrichment of H3K9ac at day 9 in DsAflR (Fig. 4C) . These results concur with the increased production of dothistromin over a longer time period seen in DDsLaeA mutants.
Parallel studies were not done with the melanin DsPks1 gene as we previously showed that its expression levels were the same in wild-type and DsLaeA mutants (Chettri and Bradshaw, 2016) . RNA-seq results from a larger study (unpublished) suggest that expression levels of predicted melanin pathway genes clustered with DsPks1 are also unaffected by loss of DsLaeA (Supporting Information Table S4 ).
Discussion
Nonclustered secondary metabolite genes can be co-regulated at the chromatin level
The dothistromin system provided an unprecedented opportunity to examine chromatin-level regulation of a fragmented gene cluster that contains orthologs of the well-studied aflatoxin/sterigmatocystin gene clusters. It also provided the opportunity to study chromatin-level regulation where secondary metabolism occurs in the primary growth phase. Using chromatin immunoprecipitation (ChIP), quantitative PCR and a gene deletion strategy, we demonstrated an association of repressive histone methylation (H3K9me3 and H3K27me3) and permissive histone acetylation (H3K9ac) with dothistromin gene Fig. 4 . Effect of DsLaeA gene deletion on dothistromin production, gene expression and histone modification in Dothistroma septosporum. A. Growth and dothistromin production of the DDsLaeA mutant compared to the wild-type (WT) strain under the same conditions as for the time-course shown in Fig. 1 expression over time. Much of this control appeared to be through the DsAflR pathway regulator. The timing of the chromatin modifications suggests an adaptation to enable dothistromin to be produced during the start of its rapid growth phase, concordant with its role as a virulence factor in planta.
A key outcome of this study was the demonstration that a highly fragmented secondary metabolite gene cluster can be co-regulated at the chromatin level. Six dothistromin genes spread across five loci on chromosome 12 showed more enrichment for H3K27me3 when the rate of dothistromin biosynthesis was low (day 9) rather than high (day 4). In contrast, chromatin regulation at H3K9 was confined to two regions: the promoter of the subtelomeric DsVerB gene and the promoters of the divergently transcribed pathway regulator genes DsAflR and DsAflJ. In these regions the patterns of activating (H3K9ac) and repressing (H3K9me3) histone marks were correlated with high (day 4) and low (day 9) rates of dothistromin production respectively. Thus, chromatin regulation of dothistromin biosynthesis appears to be both direct, by loss of H3K27me3 marks at all loci, as well as indirect, by loss of H3K9me3 and gain of H3K9ac marks at the DsAflR/J pathway regulator locus (Fig. 5) . Evidence of indirect effects of the H3K9me3 status of DsAflR on other dothistromin biosynthetic genes was also seen in the DsKmt1 (H3K9me3) mutant, as there was increased expression of genes such as DsVbsA that were not direct targets for H3K9me3 regulation (Table 2) .
Analysis of mutants of the three chromatin-modifying genes considered in this study confirmed their influence in regulation of dothistromin biosynthesis. However, the mean increase in dothistromin production was not so high in DDsKmt1 strains (2.7-fold) as in DDsKmt6 strains (15-fold). Likewise, the DDsKat2 mutant showed only a 30% reduction in dothistromin levels compared to the wild type strain. These data suggest that H3K9 acetylation alone cannot account for upregulation of dothistromin production and further suggest that H3K27me3 could be a dominant methylation mark in dothistromin gene regulation, as also shown for other secondary metabolites in N. crassa (Jamieson et al., 2013) , F. graminearum (Connolly et al., 2013) and EpichloÞ festucae (Chujo and Scott, 2014) .
The discovery that a highly fragmented gene cluster can be co-regulated at the chromatin level has important consequences for modification of the fungal epigenome. Manipulation of histone modifying genes is a powerful tool to detect novel secondary metabolites by activation of silent gene clusters (Studt et al., 2016) but our results suggest it may also be possible to detect secondary metabolites in which the silenced genes are dispersed rather than clustered.
Does location matter?
The fragmented dothistromin gene cluster includes genes at various chromosomal locations. Early work suggested that location affects secondary metabolite gene transcription (Palmer and Keller, 2010) . In Aspergillus species, transfer of the AF pathway gene nor1, or the sterigmatocystin regulator gene aflR, to locations outside their subtelomerically located clusters led to altered expression (Chiou et al., 2002; Bok et al., 2006) . Although the dothistromin genes are dispersed, they appeared to be directly co-regulated by H3K27 trimethylation. H3K27me3 marks often have a sub-telomeric location (Connolly et al., 2013 ; Gene expression and ChIP analysis of dothistromin genes at five loci across chromosome 12 of Dothistroma septosporum support a model in which both indirect and direct chromatin-level control of gene expression occurs. Enrichment for activating H3K9 acetylation marks, and for repressing H3K9 and H3K27 methylation marks, is indicated by dark green GO and dark red STOP signs respectively. H3K9 control is mainly indirect, through enrichment at DsAflR/J pathway regulators that affect expression of the other dothistromin pathway genes, although some control was also seen at the subtelomeric DsVerB gene. H3K27me3 control is proposed to be mainly direct, as enrichment was seen across all dothistromin genes tested at Day 9 (OFF). The independent DsPks1 gene, located on chromosome 12, showed higher expression at Day 9 than day 4 and an opposite pattern of histone acetylation and methylation at those time points compared to the dothistromin genes. Jamieson et al., 2013) but high-throughput ChIP-seq revealed a broader distribution of H3K27me3 in accessory chromosomes of Z. tritici (Schotanus et al., 2015) and small chromosomes of F. fujikuroi (Studt et al., 2016) , particularly in genomic regions with high abundance of repetitive DNA and secondary metabolite gene clusters respectively. Although we did not have ChIP-seq data across D. septosporum chromosome 12, our results show that that H3K27me3 is not confined to subtelomeric regions in this species.
In contrast to the broad control by H3K27me3, enrichment for H3K9me3/ac marks was seen in only two dothistromin gene loci with contrasting locations. Locus 6 contains the sub-telomeric DsVerB gene while locus 3 is centrally located and contains the divergently transcribed DsAflR/J pathway regulators. In A. nidulans, enrichment for H3K9me3 was found predominantly at subtelomeric and pericentric locations (Gacek-Matthews et al., 2016) while in Z. tritici H3K9me3 was predominantly associated with transposable elements (Schotanus et al., 2015) . It is not clear how specificity for H3K9 modification at the centrally located AflR/J locus 3 occurred and the position of the centromere on chromosome 12 is not known. The D. septosporum genome has a low repeat content of only 3.2%, and although there is a 1 kb region of unclassified tandem repeats within 3 kb of the DsAflR/J locus (de Wit et al., 2012) a much larger repeat region (>70 kb) lies adjacent to locus 5 (indicated in Fig. 3B ) which did not show enrichment for H3K9 modifications. It is possible that specific sequences, co-regulators or other chromatin marks provide the specificity required to direct H3K9 modifications to the DsAflR/J promoter region which, in turn, help to co-regulate expression of the other dothistromin genes.
Some direct effects of H3K9 chromatin modifications in controlling dothistromin gene expression across the different loci without the involvement of DsAflR/J cannot be ruled out. Although D. septosporum mutants lacking AflR or AflJ showed substantial reductions in dothistromin production and gene expression, some residual production and expression occurred (Chettri et al., , 2015 . Residual expression might be caused by the SAGA histone acetylation complex targeting dothistromin genes directly, with recruitment perhaps mediated by Tra1, Taf or Spt SAGA components (Weake and Workman, 2012) that are encoded in the D. septosporum genome (Supporting Information Table S1 ).
Early expression of dothistromin is orchestrated by chromatin modification
The early timing of dothistromin biosynthesis is orchestrated by chromatin modification. In early exponential growth phase (day 4), the DsAflR regulatory gene was upregulated and the rate of dothistromin production was high. In this study, we showed chromatin-level control of gene expression with enrichment of H3K9ac (activating) marks on key dothistromin genes, including the DsAflR pathway regulator, peaking at day 4, and H3K9me3 and H3K27me3 (silencing) marks peaking at day 9. The converse pattern was observed for DsPks1, a putative melanin polyketide synthase that is expressed more highly at day 9 than day 4. It is not known what triggers the onset of dothistromin biosynthesis, but perhaps a signal generated early in growth leads to activation of key histone modifying enzymes that specifically modulate the activating and repressing marks on dothistromin genes, allowing for gene expression.
A few studies have explored regulatory mechanisms involved in metabolite biosynthesis during a shift from primary to secondary metabolism. In A. nidulans, the biosynthesis of sterigmatocystin is associated with upregulation of the global regulator LaeA (Bok and Keller, 2004 ), which in turn activates transcription of the pathway regulator AflR. A. nidulans does not have a methyltransferase for H3K27 (Gacek-Matthews et al., 2015) but during the active phase of growth the sterigmatocystin gene cluster appeared to be marked by HepA and H3K9me3, which decreased on transition to the stationary phase, while H3K9/K14ac occupancy increased (Reyes-Dominguez et al., 2010). However, more recent studies suggest H3K9me3 is instead mainly confined to the borders of the sterigmatocystin cluster and its role in controlling sterigmatocystin gene expression is not clear (Gacek-Matthews et al., 2016) . Instead there is some enrichment for positive chromatin marks such as H3K4me3 and H3K36me3 within the gene cluster during the secondary metabolism phase, although these chromatin marks occurred at low levels compared to those in genes involved in primary metabolism (Gacek-Matthews et al., 2015; Gacek-Matthews et al., 2016) . Chromatin modification by acetylation is also important in secondary metabolite pathway regulation in many filamentous fungi (Lan et al., 2016) . The upregulation of genes in stationary phase for secondary metabolites such as sterigmatocystin was accompanied by increased global acetylation of H3K14, while increased acetylation of H3K9 was found only within gene clusters (Nutzmann et al., 2011) . Whether H3K14 acetylation also plays a role in the regulation of dothistromin biosynthesis in D. septosporum remains to be determined.
Interactions occur between chromatin marks
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showed that loss of H3K9 acetylation in DDsKat2 mutants led to a corresponding increase in H3K9me3 levels in promoter regions of dothistromin genes tested. Conversely, increased H3K9 acetylation was seen in DDsKmt1 H3K9me3 mutants. Although our ChIP and mutant gene expression studies suggest that H3K9ac and H3K9me3 are associated with increased and decreased rates of dothistromin production, respectively, competing interactions between these marks may have influenced the results seen.
Some evidence for crosstalk between different histone methylation marks was also observed in this study. In the DDsKmt1 H3K9me3 mutants, we found reduced levels of H3K27me3 at day 9 in the promoter region of DsAflR. Conversely in H3K27me3 mutants the H3K9me3 levels were also slightly reduced. These results suggest some possible synergy between these two histone methylation marks in the downregulation of dothistromin biosynthesis at day 9. Among other filamentous fungi in which ChIP-seq has been performed, compensatory changes in distribution of chromatin marks have been demonstrated. For example redistribution of H3K27me3 occurred in H3K9me3 mutants of N. crassa (Jamieson et al., 2016) . However, whether redistribution of histone methylation marks occurs in D. septosporum mutants needs further investigation.
Around 100 distinct types of histone modification marks are currently known and these marks are seldom present in isolation (Tan et al., 2011) . Many histone modifications exert their full effect only in combination with other marks, thus creating a chromatin landscape that either facilitates or prevents transcription (Strauss and Reyes-Dominguez, 2011; Chujo and Scott, 2014) . Only a few types of chromatin modifying marks have been studied in fungi, and only three in this study. Orthologs of other chromatin modifiers including an H3K4 methylase (CclA) and demethylase (KdmB) are evident in the D. septosporum genome and may also be key players in chromatin-level regulation of dothistromin biosynthesis, as shown for secondary metabolites in A. nidulans (Gacek-Matthews et al., 2016) .
LaeA has a repressive effect on dothistromin production
A crucial function for LaeA in secondary metabolism, development and virulence has been documented for many fungi (Jain and Keller, 2013) and it has been proposed to influence histone modification (Brakhage, 2013) . In D. septosporum, we previously showed that deletion of DsLaeA lead to enhanced dothistromin production and gene expression, in contrast to the loss of AflR expression and ST/AF production seen in Aspergillus spp (Chettri and Bradshaw, 2016 ). In the current study, ChIP PCR of the DsAflR promoter in a DDsLaeA strain showed less enrichment for H3K9me3 at day 4 and enrichment of H3K9ac at day 9, compared to the wild type strain, and correspondingly prolonged and higher levels of gene expression and dothistromin production. These data suggested that DsLaeA may be indirectly involved in modulating H3K9me3/ac at the DsAflR promoter.
There is no evidence that LaeA orchestrates the early onset of dothistromin gene expression, as it was associated with maintenance of repressing H3K9me3 marks at day 4, as shown by the higher H3K9me3 enrichment in the WT than the DsLaeA mutant (Fig. 4C) . It is possible that, at day 9, which was still early exponential phase for D. septosporum, LaeA repressed dothistromin biosynthesis indirectly by restricting H3K9 acetylation. It is worth noting that expression of DsLaeA itself was significantly lower at day 4 (0.2 6 0.04) compared to day 9 (1.63 6 0.31; p 5 0.003) relative to expression of the beta-tubulin gene DsTub1 (Chettri, unpublished) . It is however possible that D. septosporum DLaeA mutants may simply be stuck in primary growth phase, delaying or preventing spore development while, in the case of D. septosporum, enabling dothistromin production to continue. We suggest that during late exponential stage when LaeA would normally facilitate secondary metabolite production (Brakhage, 2013) , there is another mechanism that turns dothistromin gene expression off.
Overall, our results are consistent with a role for LaeA in regulating the switch from primary (exponential) growth to stationary phase as seen in other fungi (Brakhage, 2013) . However, a caveat to understanding the role of LaeA in D. septosporum is that expression of the melanin DsPks1 gene and its predicted cluster genes were not affected by deletion of DsLaeA (Chettri and Bradshaw, 2016; Supporting Information Table S4 ) even though DsPks1 is expressed later in development than the dothistromin genes (Supporting Information  Fig. S1 ). Thus, although loss of DsLaeA affected developmental features by reducing sporulation, spore germination and hydrophobicity (Chettri and Bradshaw, 2016) the role of LaeA in regulation of secondary metabolism might be atypical among fungi in D. septosporum.
Is fragmentation an adaptive feature to enable early onset of dothistromin production?
Many hypotheses have been presented to explain the advantages of clustering fungal secondary metabolite genes, among them the advantage of co-regulation. The dispersed dothistromin genes are clearly co-regulated both by the pathway regulator DsAflR and by chromatin modification (this work) despite their dispersed arrangement in the genome. We speculate that the dispersal of dothistromin genes across a chromosome might be an adaptive mechanism that enabled the early onset of dothistromin production during periods of rapid biomass accumulation in planta. Intriguingly, H3K9ac enrichment was much higher in centrally-located DsPksA and DsAflR/J gene promoters than in dothistromin genes located closer to a telomere (Fig. 3A) and, in the DDsLaeA mutant, DsAflR expression levels were at least threefold higher than any of the other dothistromin genes tested (Fig. 4B) . It is possible that, by being centrally located, the pathway regulator gene DsAflR escaped other types of repressive subtelomeric position effects not studied here.
Our results suggest that a combination of both direct effects of chromatin modifications on pathway genes, and indirect effects of chromatin modifications on a key pathway regulator, contribute to achieving co-regulation of expression across a fragmented secondary metabolite gene cluster. Activating histone modifications marks were seen during the early growth-stage onset of dothistromin production, showing a role for histone modification in establishing this unusual timing of secondary metabolite production. These results highlight the complexity and versatility of chromatin modification in coordinating the expression of different types of secondary metabolite gene clusters.
Experimental procedures

Strains and culture conditions
Wild-type Dothistroma septosporum (G. Dorog) M. Morelet strain NZE10 (CBS128990), the New Zealand wild-type forest isolate sequenced by the Joint Genome Institute (JGI; (de Wit et al., 2012) , was used for this work. Cultures were grown on Dothistroma Medium (DM), Dothistroma sporulation medium (DSM) (Bradshaw et al., 2000) or a minimal salts medium PMMG (McDougal et al., 2011) . For inhibition of histone acetyltransferase activity, the Gcn5 inhibitor butyrolactone 3 (Abcam, Cambridge, UK) (Biel et al., 2004) was added to the growth medium at a concentration of 100 mg ml
21
. For liquid cultures, 125 ml flasks containing 25 ml of Low DB media (Schwelm et al., 2008) were inoculated with 1 3 10 5 spores ml 21 and incubated at 228C with shaking at 200 rpm and continuous illumination (Sylvania GRO-LUX F30w/GRO-TB and Philips-lifemax TLD-30 W/840 cool white lights). After 4, 7 or 9 days the mycelia were collected by filtration through nappy liners.
Gene identification and sequence comparisons
Chromatin modification genes were identified by BLASTP and reciprocal BLASTP analysis of D. septosporum gene models available at the JGI genome site (http://genome.jgipsf.org/Dotse1/Dotse1.home.html) with the following query genes: S. cerevisiae histone acetyltransferase protein Gcn5 (ortholog of Kat2; GI: 417038), Aspergillus nidulans histone-lysine N-methyltransferase ClrD (ortholog of Kmt1; CBF88005) and Neurospora crassa SET-7 (ortholog of Kmt6; EAA35807). Alignments, identity and similarity scores were calculated using ClustalW (Larkin et al., 2007) . Phylogenetic trees were constructed by neighbour-joining with 1,000 bootstrap replicates using MEGA 7.0 (Kumar et al., 2016) .
Preparation of gene deletion mutants
Details of PCR primer sequences used to prepare the gene deletion constructs are in Supporting Information Table S5 . Genomic DNA was extracted from freeze-dried mycelia of D. septosporum using a CTAB method (Moller et al., 1992) . D. septosporum gene knockout constructs were made via One Step Construction of Agrobacterium-Recombinationready-plasmids (OSCAR) using PCR-based methods described previously (Chettri and Bradshaw, 2016) . Vectors pA-HYG OSCAR and pOSCAR were from the Fungal Genetics Stock Center (http://www.fgsc.net). DsKat2 0 and 693 bp 3 0 of DsKmt6. Preparation of the DsLaeA knockout mutant was described previously (Chettri and Bradshaw, 2016) .
D. septosporum NZE10 was transformed with the gene deletion constructs using protoplast-based methods described previously (Bradshaw et al., 2006) and hygromycin-resistant transformants were single-spore purified. Targeted gene replacement mutants were confirmed by PCR and by Southern hybridization of SalI, BglI or XbaI digested DNA with a digoxigenin (DIG)-labeled probe as described in the Roche Molecular Biochemicals DIG Application Manual. For details, see Supporting Information Fig. S4 .
Expression analysis and dothistromin assays D. septosporum mutants and wild-type controls were grown in low DB, in triplicate, for 7 days at 228C with shaking (180 rpm). Dothistromin secreted into the media was quantified by HPLC using methods described previously (Chettri et al., 2012) . RNA was extracted from mycelia grown in the same flasks as those for dothistromin analysis and gene expression was assessed by quantitative real time (qRT)-PCR using methods published earlier . Expression levels were normalized as ratios to the Chromatin regulation of a fragmented cluster 519 geometric mean of DsTub1 (beta tubulin, JGI PID 68998) and DsTef1a (translation elongation factor 1 alpha, JGI PID 68333), genes that showed no significant difference in expression between days 4 and 9 of growth in culture (DsTub1, p 5 0.25; DsTef1, p 5 0.23). Sequences of primers used for qRT-PCR are shown in Supporting Information Table S5 . Statistical significance in comparison to the wild type was determined on normalized expression data using a two-tailed T-test based on the null hypothesis of no significant difference.
Immunoblotting
Histones were extracted from D. septosporum grown in low DB liquid medium using an EpiSeeker Histone Extraction Kit (ab113476; Abcam, Cambridge, United Kingdom). The purified histones were suspended in Balance DDT buffer, as per the manufacturer's instructions, and protein concentrations were determined using the Lowry method (Lowry et al., 1951) . Histone proteins were diluted to 1 mg ml 21 and approximately 5 ml of each sample was pipetted onto PVDF Western Blotting Membrane (Roche) for a dot blot. Histone variants were detected with ChIP grade primary antibody a-H3 (GeneTex, GTX122148), H3K9ac (A-4022-025; Epigentek, NY, USA), a-H3K9me3 (A-4036-025; Epigentek, NY, USA) and a-H3K27me3 (A-4039-025; Epigentek, NY, USA). HRP-linked anti-rabbit IgG antibody (GE Healthcare) was used as the secondary antibody. Chemiluminescent detection was carried out with SuperSignal TM West Dura Extended Duration Substrate (Thermo Fisher Scientific, MA, USA) and developed on X-ray film.
Chromatin immunoprecipitation and quantitative PCR
To determine the status of chromatin marks at dothistromin genes during periods of high and low rates of dothistromin production, 10 5 conidia ml 21 of D. septosporum NZE10 wild-type were inoculated into 25 ml of low DB medium in 125 ml volume flasks then incubated with 180 rpm shaking at 228C. A chromatin immunoprecipitation procedure, adapted from (Boedi et al., 2012) , was used on samples of D. septosporum harvested at two time points of growth in culture (day 4 and day 9). After dilution of the chromatin suspension to 200 lg protein ml 21 with ChIP dilution buffer, 100 ll aliquot of this suspension was reserved to use later as an input control. For immunoprecipitation of the remaining target protein about 2 lg of ChIP grade antibodies as mentioned above were added to 1 ml volumes of chromatin suspension. Non-immune rabbit Igg (A16001-1; Epigentek, NY, USA) (Bok et al., 2009 ) was used as a negative control. The immunoprecipitation mixtures were incubated overnight at 48C on a gentle rocking shaker. After two subsequent washes with low and high salt buffer (Boedi et al., 2012 ) the immunoprecipitates were incubated overnight at 658C to reverse the chromatin cross-linking. The resuspended immunoprecipitates were treated with 1 ll of RNAse and incubated at 658C for 30 min, followed by addition of 2 ll 0.5 M EDTA, 4 ll 1 M Tris-HCl pH 6.5 and 2 ll proteinase K (1 mg ml
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, Sigma), with incubation for 2 h at 458C. DNA was purified from the samples by phenol/chloroform extraction, precipitated by isopropyl alcohol, followed by a 70% ethanol wash and finally suspended in 50 ll TE buffer.
ChIP-quantitative PCR (ChIP-qPCR) was performed using a SensiFAST TM SYBR No-ROX Kit (Bioline, London, UK) on a LightCyclerV R 480 System (Roche) with two biological replicates and three technical replicates per reaction, using primers detailed in Supporting Information (Lin et al., 2012) . Standard deviations were calculated based on two biological replicates. ChIP-qPCR experiments were performed twice and results for replicate experiments shown in Supporting Information Fig. S8 .
Radial growth and sporulation
Radial growth rates and sporulation of the DsKat2, DsKmt1, DsKmt6 knockout mutants, and wild type strains were determined in light conditions in low DM agar media at 228C following methods described previously (Chettri and Bradshaw, 2016) . Statistical significance was determined using a twotailed T-test based on the null hypothesis of no significant difference between mutant and wild type phenotypes.
